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ABSTRACT Studying single molecules in a cell has the essential advantage that kinetic information is not averaged out.
However, since ﬂuorescence is faint, such studies require that the sample be illuminated with the intense light beam. This causes
photodamageof labeled proteins and rapid photobleaching of the ﬂuorophores.Here,we show that a substantial reduction of these
types of photodamage can be achieved by imaging samples on coverslips coated with monolayers of silver nanoparticles. The
mechanism responsible for this effect is the interaction of localized surface plasmon polaritons excited in themetallic nanoparticles
with the transition dipoles of ﬂuorophores of a sample. This leads to a signiﬁcant enhancement of ﬂuorescence and a decrease of
ﬂuorescence lifetime of a ﬂuorophore. Enhancement of ﬂuorescence leads to the reduction of photodamage, because the sample
can be illuminated with a dim light, and decrease of ﬂuorescence lifetime leads to reduction of photobleaching because the
ﬂuorophore spends less time in the excited state, where it is susceptible to oxygen attack. Fluorescence enhancement and
reduction of photobleaching on roughmetallic surfaces are usually accompanied by a loss of optical resolution due to refraction of
light by particles. In the case of monolayers of silver nanoparticles, however, the surface is smooth and glossy. The ﬂuorescence
enhancement and the reduction of photobleaching are achievedwithout sacriﬁcing the optical resolution of amicroscope. Skeletal
muscle myoﬁbrils were used as an example, because they contain submicron structures conveniently used to deﬁne optical
resolution. Small nanoparticles (diameter ;60 nm) did not cause loss of optical resolution, and they enhanced ﬂuorescence
;500-fold and caused the appearance of amajor picosecond component of lifetime decay. As a result, the sample photobleached
;20-fold more slowly than the sample on glass coverslips.
INTRODUCTION
Recently, it has become possible to study single protein
molecules in a cell (1,2). The advantage of single-molecule
detection (SMD) is that it studies the behavior of proteins in
their native (crowded) environment, and avoids problems
associated with averaging responses of an assembly of mol-
ecules with different kinetics. However, the single-molecule
approach is complicated by photobleaching, which arises
because the sample must be illuminated with the intense laser
beam to assure an adequate signal/noise ratio.
In an earlier work, we were able to decrease photo-
bleaching by making measurements on coverglasses coated
with nanoparticles known as surface island ﬁlms (SIF) (3).
SIFs are nanoparticles (4–10) that can support conﬁned
charge density oscillations (11) called localized surface
plasmon (LSP) polariton modes. Excitation of LSPs causes a
strong enhancement of local electric ﬁeld and a substantial
decrease of ﬂuorescence lifetime caused by the distance-
dependent changes in the radiative decay rates (12). Enhance-
ment of the local ﬁeld allows attenuation of illumination,
which leads to reduction of photodamage. At the same time,
enhancement causes an effective decrease of photobleaching:
although it does not change the characteristics of a ﬂuo-
rophore, and therefore has no effect on the intrinsic resistance
to photobleaching, it increases the time that a ﬂuorophore
remains unbleached, because the sample can be illuminated
with a weaker light. Decrease of ﬂuorescence lifetime, on the
other hand, leads to a decrease of the intrinsic photobleaching
rate. The decrease in bleaching is mainly caused by the fact
that the molecule spends less time in the excited state, where
it is subject to oxygen attack. For a ﬂuorophore in a normal
nonsaturation limit (i.e., the increase in laser power causes a
corresponding increase in ﬂuorescence intensity), the de-
crease of ﬂuorescence lifetime also causes an increase in
quantum yield,Q. However, since theQ of rhodamine is near
1 anyway, this effect is not very signiﬁcant in our experiments.
For a ﬂuorophore in a saturation limit (i.e., the increase in
laser power does not cause an increase in ﬂuorescence in-
tensity), there is an additional effect: the decrease in ﬂuo-
rescence lifetime causes an increase of effective cross section
for absorption, because short-lived ﬂuorophores can now be
excited, whereas long-lived ones cannot be.
As a consequence of SIF-induced ﬁeld enhancement and
decrease of lifetime, the rate of photobleaching of rhoda-
mine-phalloidin-labeled actin in a myoﬁbril placed on glass
coverslips coated with SIF decreased approximately twofold
in comparison with that of myoﬁbrils placed on uncoated
coverslips (3). The price of the reduction in bleaching,
however, was a loss of optical resolution and loss of non-
uniformity of illumination, because SIF refracted the exciting
and ﬂuorescent light, and because nanoparticles were dis-
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tributed randomly on the surface of a coverslip. This is a
severe disadvantage of the use of SIF in SMD, because
maximal optical resolution is important in resolving single
molecules. Optimal resolution allows accurate deﬁnition of
the region of interest (ROI) within a cell, a requirement
crucial for determining a function of a speciﬁc subcellular
organelle. For example, in studying the function of skeletal
muscle myoﬁbrils, it is important to place the ROI exactly at
the area where actin and myosin ﬁlaments interact to produce
contractile force (13). This area, known as the overlap zone,
spans a distance of 0.7–0.3 mm in resting-length myoﬁbrils
(14,15), and its length is comparable to the maximal resolu-
tion of an optical microscope. The use of SIFs prevents the
achievement of this resolution. In this article, we show that
replacing random, multilayered SIFs with nanoparticle
monolayers (NMLs) covalently bound to glass does not af-
fect the optical resolution of the microscope, and signiﬁcantly
improves ﬁeld enhancement and ﬂuorescence-lifetime de-
crease of SIFs, thus leading to reduced photobleaching.
MATERIALS AND METHODS
Chemicals and solutions
Fluorescein-phalloidin (Fl-phalloidin), unlabeled phalloidin, phosphocrea-
tine, creatine kinase, glucose oxidase, and catalase were from Sigma (St.
Louis, MO). Rhodamine-phalloidin (Rh-phalloidin) was from Molecular
Probes (Eugene, OR).
Preparation of nanoparticle monolayers
To prepare NMLs, silver colloids were prepared as previously described
(16). Brieﬂy, all necessary glassware was soaked in a base bath overnight and
thenwashedwith deionized water. A solution of 18mg/mL silver nitrate (200
mL) was heated and stirred in a 250-mL Erlenmeyer ﬂask at 95C. A 0.5-mL
aliquot of 34 mM trisodium citrate solution was added dropwise. The solu-
tion was stirred for 20 min and warmed to 96–98C. Five aliquots (0.7 mL
each) of 34 mM trisodium citrate were then added dropwise to the reaction
mixture every 15–20 min. Stirring was continued for 25 min until the milky
yellow color remained. Then, the mixture was cooled in an ice bath for 15
min. The colloids were separated by centrifugation at 3500 rpm for 6 min.
The residues were collected and dissolved in 1 mM trisodium citrate. The
nanoparticles were covalently attached to glass coverslips, as previously
described (17). The glass coverslips were washed with Alconox soap and
rinsed with distilled water. They were then soaked for 2 h in 0.1 M NaOH to
activate the surface, rinsed copiously with distilled water, and soaked
overnight at 80–90C in a solution of 5% (v/v) amino-propyl-triethoxy-silane
buffered with 0.1 M acetic acid (pH 5.5). Next, the coverslips were rinsed
with deionized water, air dried, and placed into a petri dish for drop-coating
with the solutions of small or large silver colloids. About 300 mL of the
colloidal silver sols were drop-coated on the desired area of the glass cov-
erslip. After incubation for 2 h at room temperature, the excess of colloidal
silver solution was rinsed with deionized water. The glass coverslips with
attached silver nanoparticles were air-dried and stored in vials.
Preparation and labeling of myoﬁbrils
Rabbit psoas muscle was ﬁrst prewashed with cold EDTA-rigor solution (50
mM KCl, 2 mM EDTA, 10 mM dithiothreitol, and 10 mM TRIS-HCl, pH
7.6) for ½ h, followed by Ca-rigor solution (50 mM KCl, 2 mM MgCl2, 0.1
mMCaCl2, 10mMdithiothreitol, and 10mMTRIS-HCl, pH 7.6).Myoﬁbrils
were made from muscle, as previously described (18). Unless otherwise
indicated, myoﬁbrils (1 mg/mL) on glass coverslips were labeled for 5 min
with 0.01 mM ﬂuorescent phalloidin1 9.99 mM unlabeled phalloidin. After
labeling, myoﬁbrils were washed by centrifugation on a desktop centrifuge at
3000 rpm for 2 min followed by resuspension in rigor solution. Myoﬁbrillar
suspension (15 mL) was placed on uncoated or coated coverslips, then
covered with a glass coverslip (to avoid drying), then washed with three to
four volumes of rigor solution.
Atomic force microscopy and scanning
electron microscopy
Atomic force microscopic (AFM) imaging was performed on the AFM
Explorer (ThermoMicroscopes/Veeco Instruments, New York) in contact
scanning mode with a nonconductive silicon nitride probe (Veeco Instru-
ments). Images were acquired at a rate of 2–5 mm/s with a resolution of 300
pixels/line. The images were processed with WSxMVer 4.0 software for 3D
analysis and with the Veeco SPMLab Ver 6.0.2 software for 2D analysis.
Scanning electron microscope (SEM) images were recorded with JEOL JSM
648OLV microscope.
Measuring ﬂuorescence spectra and
bulk photobleaching
The sample was placed in the front-face conﬁguration (45 angle with respect
to the direction of the exciting beam of light) in the sample compartment of a
Varian Eclipse Spectroﬂuorometer (Varian, San Carlos, CA). The excitation
was at 475 nm. In photobleaching experiments, the observation was at 575 nm.
Measuring ﬂuorescence lifetimes
Fluorescence lifetimes were measured by time-domain technique using
FluoTime 200 ﬂuorometer (PicoQuant, Berlin Adlershof, Germany). The
sample was positioned in front-face conﬁguration inside the ﬂuorometer
chamber. The excitation was by a 475-nm laser-pulsed diode, and the ob-
servation was through a monochromator at 575 nm with a supporting 550-
nm-long wave-pass ﬁlter. The full width at half-maximum of the pulse
response function was 68 ps (measured by PicoQuant). The time resolution
FIGURE 1 SEM images of the NML surface, with
median diameters of 60, 50, and 70 nm, respectively,
for small- (A), mixed- (B), and large-sized (C) parti-
cles.
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was.10 ps. Less than 0.5% background was detected from the NML slide.
The intensity decays were analyzed in terms of a multiexponential model
using FluoFit software (PicoQuant).
SMD measurements
The experiments were carried out in SMDmicroscope described earlier (18),
operating in either total internal reﬂection ﬂuorescence (TIRF) or a trans-
mitted (T) light mode. An experimental chamber was made by placing a
sample on an NML-coated coverslip, sealing the sides around it with Vas-
eline, and covering it on top with a 24 3 24-mm glass coverslip (Fisher
Scientiﬁc, Pittsburgh, PA). The chamber was placed on a moveable piezo
stage (Nano-H100, Mad City Labs, Madison, WI) that was installed on the
stage of an Olympus IX71 microscope. Experiments in TIRF mode were
done using a commercial Olympus TIRF adaptor (Olympus, Center Valley,
PA). The sample was placed NML-coated coverslip down. Experiments in T
mode were done using a 1 mW beam of 543 nm light from an HeNe laser
(LGP-193-249, Melles Griot, Carlsbad, CA), which entered through the back
port of an Olympus IX71 microscope and was focused by the objective
(Olympus PlanApo 603, 1.45 NA) on a sample plane. The sample was
placed NML-coated coverslip up. The focal spot was;0.5 mm30.5 mm.
This spot was made to overlap with the projection of the confocal aperture on
the sample plane by adjusting the xy position of the focal spot with a pair of
micromanipulators attached to the beam-steering post. The piezo stage was
used to place the ROI in a position conjugate to the confocal aperture, as
previously described (18). The same objective collected ﬂuorescent light,
which was then projected onto a tube lens. The lens focused light at the
conjugate image plane. An optical ﬁber (whose core acted as a confocal
aperture) was inserted at this plane. An avalanche photodiode (APD)
(SPCM-AQR-15-FC, PerkinElmer,Wellesley,MA) collected light emerging
from the aperture.
Imaging
An 603 objective with NA 1.45was used to excite and collect the ﬂuorescent
light. Images were captured by an EMImage EM CCD camera (Hamamatsu,
Japan) attached to the side port of the microscope. The pixel size of the
camera was 163 16mm. For the 603, NA 1.45 objective, the back-projected
size of the pixel of the camera was 267 nm and the images were under-
sampled by a factor of ;3.
FIGURE 3 Representative images of myoﬁbrils
on glass. Arrowheads point to the Z-lines and
arrows point to the H-zones. Myoﬁbrils were la-
beled with 0.1 mM rhodamine phalloidin1 9.9 mM
unlabeled phalloidin. Scale bar, 10 mm. TIRF exci-
tation.
FIGURE 2 AFM images of the NML surface. All
images are 2.5 3 2.5 mm.
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Size of the confocal aperture
The confocal aperture should be as large as possible to maximize the signal,
but it makes no sense to make its projection on the sample plane smaller than
the optical resolution (;0.25 mm) of the objective used here (NA 1.45). The
diameter of the projection of the aperture on the object plane is equal to
the diameter of the confocal aperture (D) divided by the magniﬁcation of the
objective (M ¼ 60), making the optimal size of the confocal aperture D ¼
M3 R¼ 15 mm. Since there are no commercial optical ﬁbers of this size, we
used the closest available size: 8 mm single-mode ﬁber.
Data analysis
Data was analyzed by SigmaPlot 7 (SPSS, Chicago, IL).
RESULTS
AFM and SEM images of NML surfaces
Fig. 1 shows representative SEM images of a small-, mixed-,
and large-sized NML deposited on glass. The median diam-
eters were 60 6 21, 50 6 10, and 71 6 0.20 nm (median 6
SD), respectively. The average ratios of diameters in the xy
plane for small, mixed, and large nanoparticles were 1.1 6
0.2, 0.8 6 0.08, and 1.3 6 0.4, respectively. Fig. 2 shows
representative AFM images of small, mixed and large NMLs
deposited on glass. The average heights of small, mixed, and
large NMLs were 40 6 6 nm, 42 6 9 nm, and 74 6 10 nm
(mean6 SD), respectively. The average axial ratios of small,
mixed, and large NMLs were 1.5, 1.2, and 0.9, respectively.
The thickness of myoﬁbrils was estimated from AFM images
by measuring the distance from the coverglass to the highest
point of elevation of the O-band. In 12 measurements on
phalloidin-labeled myoﬁbrils, the average height of a myo-
ﬁbril was 97 6 4 nm and the average width was 1.68 6
0.22 mm (mean 6 SEM).
Quality of images
Fig. 3 shows representative examples of myoﬁbrils on glass.
The images are of good quality, as evidenced by the fact that
the Z-bands (arrowheads) and the H-zones (arrows) are well
resolved. Myoﬁbrils are particularly favorable objects for
FIGURE 4 Demonstration that the quality of im-
ages is not degraded by the presence of colloid. The
quality of images is as good as in the absence of
colloid (Fig. 3). Arrowheads point to the Z-lines and
arrows point to the H-zones. Myoﬁbrils were la-
beled with 0.1 mM rhodamine phalloidin1 9.9 mM
unlabeled phalloidin. Scale bar, 10 mm. TIRF exci-
tation.
FIGURE 5 Image of myoﬁbrils on NML, showing that the resolution is as
good as on glass, as evidenced by the fact that both H-zones (arrows) and
Z-lines (arrowhead) can be seen. TIRF excitation.
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testing optical resolution, because the widths of Z-lines and
H-zones are ;0.25 mm, approximately equal to the optical
resolution of the NA 1.45 objective using green light. Fig. 4
shows representative examples of myoﬁbrils on mixed
NMLs. Fig. 5 (magniﬁcation of Fig. 4, lower right) shows
that the resolution of the Z-bands (arrowheads) and the
H-zones (arrows) is as good as that for myoﬁbrils on glass.
The intensity is larger in Fig. 4 than in Fig. 3, consistent with
the fact that colloids increase brightness (see below).
Increase of brightness
Bulk measurements
The diameter of the excitation beam was ;1 mm and the
thickness of the sample was ;100 nm (see above), giving a
detection volume of ;1010 L. For myoﬁbrils labeled with
0.1 mM ﬂuorescent phalloidin 1 9.9 mM nonﬂuorescent
phalloidin, this means we observed ;106–107 molecules of
the dye. Fig. 6 A compares emission spectra of myoﬁbrils on
glass coverslips coated with NML with spectra of myoﬁbrils
on plain glass. No differences in the emission spectra were
detected. Fig. 6 B compares peak intensities of myoﬁbrils la-
beled with Rh- (left) or Fl-phalloidin (right). The peak ﬂuo-
rescence intensity of Rh-phalloidin-labeled myoﬁbrils on
small- and large-NML-coated coverslips was enhanced ;7
and 13 times, respectively, compared with that on plain glass
coverslips. The peak ﬂuorescence intensity of Fl-phalloidin-
labeled myoﬁbrils on small- and large-NML-coated coverslips
was, respectively, 18 and 33 times that on plain glass cover-
slips (Table 1).
SMD measurements
Because the myoﬁbril is ,100 nm thick, it makes no dif-
ference as far as the number of excited molecules are con-
cerned, whether SMD experiments are carried out using
transmitted or TIRF illumination. The signal from amyoﬁbril
was measured by positioning the O-band over the projection
of the confocal aperture on the sample plane, as described in
Borejdo et al. (19). The focused laser spot was previously
positioned over this projection. The detection volume is p 3
(D/2)23 H, where H is the average thickness of a myoﬁbril.
The average thickness was ;100 nm (see above). The de-
tection volume was ;20 3 1018 L. Actin concentration in
muscle (0.6 mM) implies that there were ;7200 actin pro-
tomers in this volume. The ratio of ﬂuorescent phalloidin to
nonﬂuorescent phalloidin was ﬁxed at 1:1000, suggesting
that the signal was contributed by, on average, seven to eight
actin molecules. In ﬁve experiments, enhancements were
84 6 18 and 540 6 81 for mixed and small colloids, re-
spectively (Table 1).
Decrease of ﬂuorescence lifetime
Bulk measurements
Myoﬁbrils were labeled with ﬂuorescein-phalloidin (rhoda-
mine experiments are impossible–there are no green pulsed
laser diodes yet).
Glass. The decay of ﬂuorescence of myoﬁbrils on glass
(Fig. 7 A) was best ﬁtted by two exponentials with lifetimes
FIGURE 6 Enhancement of ﬂuorescence by colloid monolayers. (A)
Spectra of myoﬁbrils (1 mg/mL labeled with 0.1 mM ﬂuorescein-phalloidin)
on glass coverslip coated with monoloayers containing large (light gray) and
small (dark gray) colloids. Spectra were measured at a 45 angle in a Varian
Eclipse spectroﬂuorometer. Excitation wavelength was 475 nm. The spec-
trum of glass alone is in black. The spectrum of colloid monolayer in the
absence of muscle was comparable to glass alone. (B) Fluorescence inten-
sities of myoﬁbrils (1 mg/mL) labeled with 0.1 mM rhodamine-phalloidin
(left) and 0.1 mM ﬂuorescein-phalloidin (right). Myoﬁbrils were on glass
(black) coverslips or on glass coated with monoloayers containing large
(light gray) and small (dark gray) colloids. The intensities were measured at
an orthogonal excitation, at 560 nm (left) and 530 nm (right) in a Varian
Eclipse spectroﬂuorometer. Excitation wavelength was 475 nm.
TABLE 1 Effect of NML on enhancement of ﬂuorescence
Intensity (fold over glass)
Rhodamine Fluorescein




SMD Glass 1 –
Mixed 84 6 18 –
Small 540 6 81 –
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t1 ¼ 3.596 and t2 ¼ 1.138 ns with the relative contributions
to the total amplitude of 55.3% and 44.7%, respectively. The
amplitude weighted average lifetime was 2.498 ns.
Mixed NML. The decay on mixed NML was consider-
ably different (Fig. 7 B). The decay of ﬂuorescein was now
best ﬁtted by three exponentials with lifetimes t1¼ 3.396 ns,
t2 ¼ 1.420 ns, and t3 ¼ 0.146 ns, with relative contributions
to the total amplitude of 13.5%, 16.3%, and 70.2%, respec-
tively. The amplitude-weighted average lifetime decreased to
0.791 ns. Thus, the application of NML caused the appear-
ance of an ultrashort component contributing .70% to the
signal amplitude, and caused the amplitude-weighted aver-
age lifetime to decrease more than threefold.
Small NML. Fig. 8 A shows that the addition of small
NML caused the ﬂuorescence lifetime to decrease. The life-
time signal from myoﬁbrils on small NML was best ﬁtted by
three exponentials with lifetimes t1 ¼ 3.448 ns, t2 ¼ 1.225
ns, and t3 ¼ 0.168 ns, with relative contributions of 18.5%,
21.5%, and 60.0%, respectively, to the total amplitude. The
amplitude-weighted average lifetime was 1.006 ns. Thus, the
application of small NML caused the appearance of an ul-
trashort component contributing .60% to the signal ampli-
FIGURE 7 Decrease of ﬂuorescence lifetime by mixed-size NML. (A)
Lifetime signal frommyoﬁbrils on glass (blue). The signal is best ﬁtted (black
line) by the two exponentials with lifetimes t1 ¼ 3.596 and t2 ¼ 1.138 ns,
with relative contributions to the total amplitude of 55.3% and 44.7%,
respectively. The gray signal is the exciting pulse from the diode laser. The
bottom panel shows the residual ﬁt to all 8767 data points. (B) Lifetime signal
from myoﬁbrils on glass coated with a mixed-size SIF monolayer (black) is
best ﬁtted (black line) by three exponentials with lifetimes t1 ¼ 3.396 ns, t2
¼ 0.1.420 ns, and t3 ¼ 0.146 ns, with relative contributions to the total
amplitude of 13.5%, 16.3%, and 70.2%, respectively. The arrows point to the
fast decay of ﬂuorescence. The gray signal is the exciting pulse. The bottom
panel shows the residual ﬁt to all 9604 data points. The 1-mg/mL myoﬁbrils
were labeled with 0.1 mM ﬂuorescein-phalloidin.
FIGURE 8 Decrease of ﬂuorescence lifetime by small and large NML. (A)
Lifetime signal from myoﬁbrils on the small NML (black). The signal is best
ﬁtted (black line) by three exponentials with lifetimes t1 ¼ 3.448 ns, t2 ¼
1.225 ns, and t3¼ 0.168 ns, with relative contributions to the total amplitude
of 18.5%, 21.5%, and 60.0%, respectively. The gray signal is the exciting
pulse from the diode laser. The bottom panel shows the residual ﬁt to all
9445 data points. The arrow points to the fast decay of ﬂuorescence. (B)
Lifetime signal from myoﬁbrils on the large NML (black). It is best ﬁtted
(black line) by four exponentials with lifetimes t1¼ 1.787 ns, t2¼ 0.256 ns,
t3 ¼ 3.983 ns, and t4 ¼ 0.014 ns, with relative contributions to the total
amplitude of 0.8%, 1.7%, 0.4%, and 97.1%, respectively. The arrow points
to the fast decay of ﬂuorescence. The gray signal is the exciting pulse. The
bottom panel shows the residual ﬁt to all 10828 data points. Myoﬁbrils
labeled with 0.1 mM ﬂuorescein-phalloidin1 9.9 mM unlabeled phalloidin.
TIRF illumination was used on 1-mg/mL myoﬁbrils labeled with 0.1 mM
ﬂuorescein-phalloidin.
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tude, and caused amplitude-weighted average lifetime to
decrease more than twofold.
Large NML. Addition of large NML (Fig. 8 B) aug-
mented the fast decay of ﬂuorescein-labeled myoﬁbrils even
more (arrow). The decaywas best ﬁt now by four exponentials
with lifetimes t1¼ 3.983 ns, t2¼ 1.787 ns, t3¼ 0.256 ns, and
t4 ¼ 0.014 ns, with relative contributions of 0.4%, 0.8%,
1.7%, and 97.1%, respectively, to the total amplitude. The
amplitude-weighted average lifetime decreased to 0.048 ns.
The application of large NML caused the appearance of an
ultrashort component contributing .97% to the signal am-
plitude, and caused the amplitude-weighted average lifetime to
decrease .48-fold. Lifetime data is summarized in Table 2.
To ﬁt the data accurately in the presence of the monolayer
of silver nanoparticles, it was necessary to use a more com-
plex decay model (three exponents for mixed and small
NMLs and four exponents for large NMLs). In these decays,
the contributions of short-lived components were very high,
the biggest being for large NML (97%). It is often a difﬁcult
task to resolve such short components, especially when their
contribution to the total decay is weak. However, in the case
of a very high contribution, the resolution is much more re-
liable, as can be seen in Table 2 (SD column).
SMD measurements
Lifetimes were only measured in the bulk. We do not yet
have the ability to measure lifetimes with a microscope.
Decrease of photobleaching
As in the case of the increase of brightness, the decrease of
photobleaching was different in bulk and SMDmeasurements.
Bulk measurements
Fig. 9 shows the decay of ﬂuorescence in a bulk sample. The
sample was positioned in front-face conﬁguration inside the
TABLE 2 Effect of NML on lifetime
Lifetime (ns) SD % Contribution
Bulk Glass 3.596 0.038 55.3
1.138 0.050 44.7
Mixed 3.396 0.024 13.5
1.420 0.028 16.3
0.146 0.005 70.2
Small 3.448 0.095 18.5
1.225 0.061 21.5
0.168 0.020 60.0




Standard deviations from 67% conﬁdence intervals were determined by
FluoFit4 (PicoQuant). Relative contributions to the overall intensity are
given in column 3.
FIGURE 9 Photobleaching of myoﬁbrils in the bulk solution. The sample
was positioned in front-face conﬁguration inside the ﬂuorometer chamber.
Lexc was 475 nm and lem 575 nm. Time 0 is after exposing the sample to
light for 10 s. Consecutive readings were taken every 60 s, for a total of 1000
s. The 1-mg/mLmyoﬁbrils were labeled with 0.1 mMﬂuorescein-phalloidin.
FIGURE 10 Comparison of the rates of photobleaching of the myoﬁbrillar
overlap zone on small NML. Myoﬁbrils (1 mg/mL) were labeled with 0.01
mM rhodamine-phalloidin 1 9.99 mM unlabeled phalloidin. The overlap
zone of a myoﬁbril was viewed by SMD microscopy through an 8-mm
confocal aperture. The three-parameter single-exponential ﬁts for glass and
NML are shown in black. The objective NA ¼ 1.45. cpb are counts/100-ms
bin. TIRF excitation.
TABLE 3 Effect of NML on half-times of bleaching
Half-time of bleaching (s)
Bulk Glass 300
Mixed –
Small At least 2000
Large At least 2000
SMD Glass 11 6 4
Mixed 56 6 22
Small At least 200
Large 69 6 25
Bulk measurements were done on 1 mg/mL myoﬁbrils labeled with 10 nM
ﬂuorescein-phalloidin 1 10 mM unlabeled phalloidin. SMD measurements
were done on 1 mg/mL myoﬁbrils labeled with 10 nM rhodamine-
phalloidin 1 10 mM unlabeled phalloidin.
Decrease Photodamage and Photobleaching 3435
Biophysical Journal 95(7) 3429–3438
ﬂuorometer chamber. Excitation was at 475 nm and obser-
vation was through a monochromator at 575 nm. Time 0 was
after exposing the sample to the laser light for 10 s. Con-
secutive readings were taken every 60 s for a total of 1000 s.
The half-time of photobleaching for the sample on glass was
;300 s, and that for the sample on small and large NMLs was
$2000 s.
SMD measurements
Fig. 10 compares the rate of photobleaching of the myoﬁ-
brillar overlap zone on glass and on coverslips coated with
NML. Small NML is shown as an example. The signal from
the myoﬁbril (light gray) was enhanced 90-fold compared
with the signal on glass (gray). The average halftime of decay
was at least 200 s. We were unable to determine exactly the
rate of photobleaching, because it depended critically on
the choice of baseline: the lower the baseline, the slower the
decay. For example, if the baseline in Fig. 10 was chosen to
be 10,000, the rate for NML was approximately equal to the
rate for glass. The average halftimes for mixed and large
colloids were 56 6 22 s and 69 6 25 s (Table 3).
DISCUSSION
The large enhancement of the excitation ﬁeld made possible
illumination with a weaker laser beam, which leads to a re-
duction of photodamage. The interactions between the LSPs
and the ﬂuorophores led to a signiﬁcant increase of the
spontaneous radiative rate of a ﬂuorophore (20). Such en-
hancement is well known in surface plasmon resonance
signals (21). The intensity enhancement around a spheroid
is calculated analytically below assuming the Rayleigh limit.
We also make accurate calculations (not assuming the
Rayleigh limit) by the use of vector prolate spheroidal func-
tions (22). Fig. 11 schematically illustrates the experimental
arrangement. Nanoparticles and myoﬁbrils are deposited on
a glass coverslip. The Z-dimension of nanoparticles is com-
parable to the size of the myoﬁbrils (23). We assume that




where V and eð@V=@aÞ are continuous at the spheroidal
surface and V/Ez at inﬁnity. E is the magnitude of the
applied electric ﬁeld and e is the permittivity. Prolate sphe-
roidal coordinates (a, b, f) are used:
x ¼ f sinhðaÞsinðbÞcosðuÞ
y ¼ f sinhðaÞsinðbÞsinðuÞ




FIGURE 11 Schematic diagram of a myoﬁbril on a glass coverslip with
NML-coated surface.
FIGURE 12 Intensity enhancement of silver
spheroid particles in water. (A) The intensity
enhancement is in the Rayleigh limit, i.e., the
particles are small compared to the wavelength.
(B) The intensity enhancement at a spheroidal
tip versus wavelength and axial ratio. (C) The
intensity enhancement around a spheroid. The
Rayleigh limit is not assumed. The calculations
are exact using spheroidal wave functions.
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f is a parameter regulating the size of the spheroid, and the
spheroidal surface is determined by the equation a ¼ a0 for
some constant a0.
Solving the differential equation gives the analytic solu-
tion
V ¼ Ef ðcoshðaÞ1AQ1ðcoshðaÞÞÞcosðbÞ
A ¼ ðei  eoÞcoshða0Þ
ei coshða0ÞQ91ðcoshða0ÞÞ  eoQ1ðcoshða0ÞÞ:
ei is the permittivity inside the spheroid (in this case, silver,
and it is complex), and eo is the permittivity outside (in this
case, water, with a value of 1.332). Q1 is a Legendre function








Fig. 12 shows the results of calculations of intensity en-
hancement of silver spheroids in water: the enhancement
depends sharply on the values of axial ratio (a/b) and
wavelength (l). In general, the enhancement increases with
a/b and decreases with l. Fig. 12B shows that for l¼ 530 nm
and a/b¼ 1.5, the enhancement is;1000, in good agreement
with the experiment (540-fold, Table 1). The fact that the
enhancement was smallest for mixed particles (Table 1,
SMD) is consistent with the theory, because large nano-
particles were the most symmetrical. Fig. 12 A shows that
1000-fold enhancement stretches at least to 10 nm beyond the
limit of the nanoparticles, which is consistent with the idea
that ﬂuorophores nearest to the surface contribute the most
to the enhancement (Fig. 11). The fact that enhancement
in the bulk is smaller than in SMDmay be due to the fact that
the incident angle of the exciting wave is different in each
case.
In the non-Rayleigh limit procedure, a series of vector
spheroidal wave functions is used that is in principle similar
to theMie series for spheres, but more complicated. This case
is described in Calander and Willander (22).
To calculate the inﬂuence of nanoparticles on the bulk
ﬂuorescence lifetime, we assume that the lifetime of a ﬂuo-
rophore is inversely proportional to the electromagnetic in-
tensity enhancement, due to the reciprocity of energy ﬂow.
The intensity enhancement is calculated (by spheroidal wave
functions) at a couple of thousand points equally distributed
within a box at the spheroid surface (403 403 200 nm, Fig.
13 A). The enhancements at these points are used to calculate
the distribution of lifetimes of ﬂuorophores within the box
(Fig. 13 B). It can be seen that, in agreement with experiment,
the short lifetime is now the most prominent. The overall
combined ﬂuorescence intensity enhancement is 2.6 (as-
suming the same enhancement for emission and excitation),
consistent with a small intensity enhancement observed in
bulk (Table 1). At very strong ﬁeld enhancements, one may
speculate that resonance ﬂuorescence may occur, making
emission and excitation combine to give higher ﬂuorescence
intensity enhancement (up to a limit of 94.9 in this case). The
FIGURE 13 Calculations to mimic the exper-
imental setup, showing (A) the intensity en-
hancement, and (B) the distribution of lifetimes
of ﬂuorophores within the box.
FIGURE 14 The calculation of ﬂuorescence
(left) and bleaching (right) lifetimes using sphe-
roidal wave functions at a couple of thousand
points equally distributed within a box deﬁned
in Fig. 13.
Decrease Photodamage and Photobleaching 3437
Biophysical Journal 95(7) 3429–3438
very high enhancement found experimentally in some cases
may be due to this. One may also speculate that dipole-dipole
interactions between the LSPs further increase the enhance-
ment (24).
Fig. 14 shows the calculations of ﬂuorescence (left) and
bleaching (right) lifetimes using the above-described meth-
ods. The bleaching is inversely proportional to the time spent
in the excited state, i.e., the ﬂuorescence lifetime. Fig. 14 left
clearly shows the appearance of a short lifetime component
due to the increase in radiative rate. Experimentally, the effect
was most dramatic when the relative contributions of the slow-
and fast-decay components of ﬂuorescence intensity were
considered. There was no picosecond decay on glass, whereas
on mixed, small, and large NML, such decay constituted
;70%, 60%, and 97%, respectively, of the amplitude.
Preservation of the optical resolution is important in SMD,
because it allows accurate deﬁnition of the ROI within a
cell. In the example used here, skeletal muscle myoﬁbrils,
it is important to place the ROI exactly at the area where
myosin cross-bridges interact with actin. This interaction
occurs within the area where cross-bridges of thick, myosin-
containing ﬁlaments overlap with thin, actin-containing ﬁl-
aments. The area spans the distance, which depends on the
resting length of the muscle but is typically of the order of the
optical resolution of the microscope (14,15). Application of
silver island ﬁlms in a previous study (3) did not preserve
resolution because of light refraction by multiple layers of
silver nanoparticles.
It is important to point out that reduction of photobleaching
by NML occurred on plain glass. This is in contrast to our
earlier ﬁnding, that reduction became signiﬁcant only when
myoﬁbrils were placed on a high-refractive-index surface (3).
However, high-refractive-index (sapphire-based) coverslips
are expensive (they cannot be reused after coating with
NML) and require the use of rapidly drying and toxic im-
mersion oil with a high index of refraction (1.78).
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